1. Introduction {#sec1-nanomaterials-07-00094}
===============

Nanotechnology has seen many advances in recent years, both in terms of the development of novel materials, often with tunable properties \[[@B1-nanomaterials-07-00094],[@B2-nanomaterials-07-00094]\] and applications in a growing number of areas. An area of particular interest, and the topic of this review, is gene therapy. Gene therapy refers collectively to methods aimed at influencing gene expression in living organisms through delivery of integrating or non-integrating exogenous DNA or RNA to treat or prevent diseases. The Center for Biologics Evaluation and Research (CBER), a division of the United States Federal Drug Administration (FDA) has yet to approve any human gene therapy products for sale in the U.S. However, in 2012 the European Medicines Agency (EMA) approved Glybera (alipogene tiparvovec) as the first gene therapy treatment for sale in the European Union. It is an adeno-associated virus (AAV)-mediated delivery of DNA to treat lipoprotein lipase deficiency \[[@B3-nanomaterials-07-00094]\].

The approval of Glybera represents the culmination of many years of research on DNA delivery with the help of viruses, including gamma-retroviruses, lentiviruses, herpesviruses adenoviruses, and the abovementioned AAV \[[@B4-nanomaterials-07-00094]\]. Viral vector systems are attractive because of their high transfection efficiency, the ability of some viruses (e.g., retroviruses) to integrate the transgene into the host genome \[[@B5-nanomaterials-07-00094]\], which is currently difficult to accomplish with non-viral methods. AAV is an especially promising vector, because it is non-pathogenic and can reliably integrate in a specific site on human chromosome 19 \[[@B6-nanomaterials-07-00094],[@B7-nanomaterials-07-00094]\]. However, despite these benefits, viral vectors frequently activate the host's immune system \[[@B5-nanomaterials-07-00094]\], which can reduce the effectiveness of subsequent gene delivery. For example, adenoviruses cause a very strong immune response, which activates the Toll-like receptor (TLR) independent and dependent innate immune system signaling pathways, via the detection of vector DNA \[[@B8-nanomaterials-07-00094]\]. Additionally, viral glycoproteins can induce the activation of the adaptive immune response, which creates immunological memory and can reduce effectiveness of future use of that viral vector \[[@B8-nanomaterials-07-00094]\].

Delivery of DNA via non-viral vectors offers the prospect of avoiding the immune response, and can potentially also manage larger payloads. The recent developments in nanomaterials, materials science, and polymer engineering have marked a turning point in the understanding of nanoscale delivery. These advances are helping to overcome many of the disadvantages of non-viral vectors by increasing their transfection efficiency and navigating through the multiple biological barriers \[[@B9-nanomaterials-07-00094],[@B10-nanomaterials-07-00094],[@B11-nanomaterials-07-00094]\]. Aside from the need for the non-viral vectors to penetrate the cell membrane, a major challenge is to evade endosomal degradation after endocytic uptake ([Figure 1](#nanomaterials-07-00094-f001){ref-type="fig"}) \[[@B12-nanomaterials-07-00094]\]. Cargo internalized via endocytosis is delivered to the early endosome to be sorted/routed to the lysosome for degradation \[[@B13-nanomaterials-07-00094]\], to the trans-Golgi network for processing \[[@B14-nanomaterials-07-00094]\], or recycled back to the plasma membrane \[[@B15-nanomaterials-07-00094]\].

This review summarizes recent developments related to various non-viral gene delivery systems with a basis in nanotechnology. The review is organized based on the nature of the nanomaterials: inorganic; graphene (carbon nanotubes); proteins and peptides; lipids; and other polymers.

Regardless of the vector, there are two main approaches to affecting the genetics of targeted cells: (1) Gene therapy where DNA is delivered with the aim of providing a functional copy of a defective gene in the patient, and (2) The delivery of therapeutic nucleic acids which include microRNA (miRNA), short hairpin RNA (shRNA), antisense oligonucleotides (AONS) and small interfering RNA (siRNA). In the case of miRNA, shRNA, and siRNA, the RNA species are processed via the Dicer complex, and loaded into the RNA-induced silencing complex (RISC), which then binds to messenger RNA (mRNA) molecules to either degrade them or modulate their expression \[[@B16-nanomaterials-07-00094],[@B17-nanomaterials-07-00094],[@B18-nanomaterials-07-00094]\]. By contrast, AONS are delivered as a single-stranded species, and must find their complementary mRNA sequences without the aid of an auxiliary protein (such as Argonaute in the RISC complex) \[[@B16-nanomaterials-07-00094]\]. This approach is typically used to target tumors, but can also be used when a genetic disorder results in elevated levels of gene expression. Examples of both strategies will be highlighted.

2. Inorganic Nanomaterials for Gene Delivery {#sec2-nanomaterials-07-00094}
============================================

When designing nanomaterials, their physical properties, such as size, shape, charge density, elasticity, and colloidal stability are important attributes that determine their suitability for a specific function \[[@B19-nanomaterials-07-00094]\]. Inorganic nanomaterials are highly sought after because of their ease of functionalization, unique electrical and optical properties, biocompatibility, as well as low cytotoxicity \[[@B20-nanomaterials-07-00094]\]. Some of the inorganic materials used as nanomaterials are gold, silver, calcium phosphate, graphene oxide, quantum dots, and magnetic nanomaterials such as iron oxides.

Gold nanomaterials have a flexible surface, which assists in their functionalization. This allows DNA to be complexed directly to gold nanoparticles (Au-NP). Son et al. \[[@B21-nanomaterials-07-00094]\] immobilized three functional sections of nucleic acids to the surface of an Au-NP. The goal was to create a pH-sensitive DNA-Au nanomachine, which could be used to silence *polo-like kinase 1* (*PLK1*) via siRNA. *PLK1* encodes an enzyme necessary for genomic stability and successful mitosis \[[@B21-nanomaterials-07-00094]\]. Thus, silencing this gene would induce apoptosis (programmed cell death) of the target cell. A pH-gradient causes a conformational change in the nucleic acid structure, which induces aggregation of the Au-NP, promoting endosomal escape, thereby releasing the siRNA. The Au-NP aggregates can also be used to cause photothermal ablation, thereby promoting a synergistic effect with the siRNA to destroy cells. Photothermal ablation is the use of laser light to generate heat locally, which then destroys cells. It was also discovered that the more compact the aggregates are, the lower the laser fluence (13 W/cm^3^ for Au-NP) needed to be, to induce photothermal ablation, thus minimizing negative impacts on surrounding cells \[[@B21-nanomaterials-07-00094]\]. In another study using gold nanomaterials, Peng et al. \[[@B22-nanomaterials-07-00094]\] used antimicrobial peptides (PEP) derived from lactoferrin to coat Au-NP. This coating was used to enhance the delivery of Au-NP to bone-marrow-derived mesenchymal stem cells (MSC). The highest transfection ability was observed when the peptide content was 2.5% of the total mass of the Au-NPs \[[@B22-nanomaterials-07-00094]\]. Additionally, the PEP-coating gave the Au-NP antimicrobial activity, which successfully prevented growth of *Staphylococcus aureus*, a Gram-positive bacterium, and *Escherichia coli*, a Gram-negative bacterium \[[@B22-nanomaterials-07-00094]\]. Trans-activator of transcription (Tat) derived from HIV-1 is a key cell-penetrating peptide \[[@B23-nanomaterials-07-00094],[@B24-nanomaterials-07-00094]\]. The ability of Tat to facilitate the uptake of various molecules makes it an excellent choice to functionalize nanoparticles. Peng et al. \[[@B25-nanomaterials-07-00094]\] functionalized Au and silver (Ag) with Tat peptides to determine their effectiveness in penetrating epidermal stem cells (ESC). Stem cells are very difficult to penetrate with conventional non-viral vectors because of their restricted cellular uptake \[[@B26-nanomaterials-07-00094],[@B27-nanomaterials-07-00094]\]. Tat peptide conjugation with Au/Ag-NP enabled the delivery of DNA to the nucleus of stem cells, with low cytotoxicity \[[@B25-nanomaterials-07-00094]\].

Graphene, an allotrope of carbon, is an attractive nanomaterial because of its optical, thermal, and electrical properties \[[@B28-nanomaterials-07-00094]\]. Graphene oxide (GO) exhibits π-π-stacking interactions (non-covalent interactions between aromatic rings), which allows for a high drug loading efficiency, as well as a controlled release \[[@B29-nanomaterials-07-00094]\]. Another benefit of GO, specific for gene delivery, is its ability to protect nucleotides from cleavage \[[@B30-nanomaterials-07-00094]\]. Kim et al. \[[@B31-nanomaterials-07-00094]\] designed a stimuli-responsive gene delivery vehicle, composed of polyethylene glycol-branched polyethylenimine-reduced graphene oxide (PEG-BPEI-rGO). This stimuli-responsive delivery was accomplished by using near-infrared (NIR) irradiation that, when absorbed by the GO nanoparticles, caused the temperature to increase locally, to the point where the endosome ruptured. This was termed photothermal transfection (PTT) \[[@B31-nanomaterials-07-00094]\]. The researchers demonstrated that the optimal transfection conditions were at 808 nm (6 W/cm^3^) for 20 min \[[@B31-nanomaterials-07-00094]\]. Owing to its high loading capacity, Zhi et al. \[[@B32-nanomaterials-07-00094]\] used GO in a nanocomplex with polyethylenimine (PEI) and poly (sodium 4-styrenesulfonates) termed PPG to deliver both microRNA-21 (mir21) and Adriamycin (ADR), an anti-cancer drug \[[@B32-nanomaterials-07-00094]\]. Both PPG~ADR~ and PPG~ADR+mir21~ complexes were tested in MCF-7 (human breast adenocarcinoma cells) and MCF-7/ADR, an Adriamycin-resistant breast cancer cell line. PPG~ADR+mir21~ reduced the cell survival rate from 35% to 28% in MCF-7 cells, and from 52% to 30% in MCF-7/ADR when compared to PPG~ADR~. This effectively demonstrated that PPG~ADR+mir21~ was able to overcome tumor multidrug resistance.

Quantum dots (QD) are semiconductor-based, monodisperse, nanometer-sized crystals (a.k.a. nanocrystals) \[[@B33-nanomaterials-07-00094]\]. Quantum dots can be synthesized with different methods, including colloidal \[[@B33-nanomaterials-07-00094]\] or plasma synthesis mechanisms \[[@B34-nanomaterials-07-00094]\]. Quantum dots (QD) are similar to graphene in that they are attractive inorganic materials because of their optical and electrical properties \[[@B35-nanomaterials-07-00094]\]. The size of quantum dots was shown to be directly related to their uptake and gene delivery efficiency \[[@B35-nanomaterials-07-00094]\]. Yang et al. \[[@B36-nanomaterials-07-00094]\] fabricated multiple QD (MQD) bundles by coating a single dot (SD) with PEI ([Figure 2](#nanomaterials-07-00094-f002){ref-type="fig"}). These MQDs were able to bind a plasmid DNA molecule (pDNA) encoding enhanced green fluorescent protein (pEGFP), and effectively delivered it into human mesenchymal stem cells (hMSCs). When evaluating the transfection efficiency of different sizes of QDs (QD525, QD565, or QD605, and QD655, ranging from 5 to 20 nm in diameter), the largest (QD655, coated with PEI/pDNA) resulted in the highest transfection efficiency, evident by a 60% greater fluorescence intensity compared to that observed when using QD525 \[[@B36-nanomaterials-07-00094]\]. Quantum dot gene delivery provides another avenue to target difficult-to-penetrate stem cells \[[@B26-nanomaterials-07-00094]\].

Magnetic nanoparticles (MNP) such as iron oxides are unique in their ability to provide magnetic resonance imaging (MRI) as well as to carry a therapeutic payload \[[@B37-nanomaterials-07-00094]\]. While there is a wide range of potential MNPs, γ-Fe~2~O~4~ is the most promising, because it has the lowest toxicity \[[@B38-nanomaterials-07-00094]\]. Kami et al. \[[@B39-nanomaterials-07-00094]\] used MNP (γ-FeO) conjugated with PEI to design magnetoplexes to transfect mouse embryonic fibroblasts with a plasmid encoding GFP. These researchers demonstrated that there was a 6--8 fold higher GFP expression in the PEI-MNP with a magnetic field, versus PEI or PEI-MNP without a magnetic field. Additionally, the GFP expression was sustained for up to seven days in the PEI-MNP with a magnetic field \[[@B39-nanomaterials-07-00094]\]. The magnetic properties conferred by the iron oxide not only allowed the tracking of the magnetoplexes in vivo, but also enabled cell separation \[[@B39-nanomaterials-07-00094]\]. Superparamagnetism occurs when a nano-sized particle undergoes the transition to the paramagnetic state below the Curie temperature. Materials in the paramagnetic state have induced magnetization in the presence of a magnetic field, and no magnetization in the absence of a magnetic field. Superparamagnetic iron oxide nanoparticles (SPIONs) are becoming an increasing popular drug delivery choice because a magnet can be applied to target SPIONs to a specific location, and once the magnet is removed, magnetic interactions between the particles cease, preventing large colloidal aggregations of SPIONs \[[@B40-nanomaterials-07-00094]\]. SPIONs coated with PEI have previously been used to deliver genes to cancer cells, yet the functionalization of these particles with PEI resulted in high toxicity \[[@B41-nanomaterials-07-00094]\]. Li et al. \[[@B42-nanomaterials-07-00094]\] designed a bioreducible cationic polymer-coated SPION for siRNA delivery and MRI. The result was SSPEI (disulfide-polyethylenimine)---SPION, a multifunctional theranostic platform. SSPEI-SPION was able to effectively deliver human telomerase reverse transcriptase (hTERT) siRNA with low cytotoxicity, which represented a major contrast with PEI-SPION \[[@B42-nanomaterials-07-00094]\]. Voronina et al. \[[@B43-nanomaterials-07-00094]\] used SPION and PEI bound by biotin-streptavidin to create a multifunctional nanocomplex consisting of miRNA-PEI-SPION, and which resulted in highly efficient transfection. The cytotoxic effect of PEI was offset by an increase in iron loading present in the miRNA-PEI-SPION complex, due to a reduction of PEI necessary for miRNA delivery \[[@B43-nanomaterials-07-00094]\].

3. Carbon Nanotubes for Gene Delivery {#sec3-nanomaterials-07-00094}
=====================================

First described in 1991 \[[@B44-nanomaterials-07-00094]\], carbon nanotubes (CNTs), formed from one or more sheets of graphene shaped in a cylindrical structure, have unique chemical and physical properties. Iijima \[[@B44-nanomaterials-07-00094],[@B45-nanomaterials-07-00094]\] initially discovered multiwalled carbon nanotubes (MWNTs), which have a diameter of 4--30 nm, with two or more graphene cylinders centrically arranged. Two years later Iijima and Ichihashi \[[@B45-nanomaterials-07-00094],[@B46-nanomaterials-07-00094]\] reported on single walled carbon nanotubes (SWNTs), which have a diameter of 0.4 to 3 nm, and which are composed of a single graphene sheet. While their small size and chemical inertness are attractive properties for delivery of DNA, their hydrophobic nature makes them poorly soluble in aqueous solutions, which places limitations on their application in biological systems. To increase their solubility and dispersion, CNTs can be functionalized through either covalent or non-covalent functionalization \[[@B47-nanomaterials-07-00094],[@B48-nanomaterials-07-00094]\].

The two most common types of covalent functionalization reactions are oxidations and cyclo-additions. While covalent functionalization can improve the biocompatibility and solubility of pristine (chemically unmodified) carbon nanotubes, many of their intrinsic physical properties are either destroyed or weakened \[[@B47-nanomaterials-07-00094]\]. Alternatively, non-covalent functionalization can be carried out by coating the carbon nanotube with amphiphilic molecules, such as sodium dodecyl sulfate \[SDS\] \[[@B49-nanomaterials-07-00094]\] or proteins \[[@B50-nanomaterials-07-00094]\], which preserves the chemical structure, allowing the CNTs to maintain their unique physical properties \[[@B51-nanomaterials-07-00094],[@B52-nanomaterials-07-00094],[@B53-nanomaterials-07-00094],[@B54-nanomaterials-07-00094]\].

Covalent functionalization of CNTs potentially limits the DNA loading capacity of a CNT-based gene delivery system. Consequently, Wang et al. \[[@B55-nanomaterials-07-00094]\] delivered siRNA (as opposed to delivering a larger gene payload) against hTERT, using a covalently functionalized SWNT-PEI/NGR/siRNA system. NGR is a tumor-targeting peptide (Cys-Asn-Gly-Arg-Cys-) used to increase the transfection efficiency of the vector system into human prostate cancer cell line PC-3 \[[@B55-nanomaterials-07-00094]\]. Despite the covalent functionalization, SWNTs still possess the inherent ability to absorb radiation in the near-infrared region \[[@B56-nanomaterials-07-00094]\]. Thus, in addition to utilizing the delivery of siRNA, Wang et al. \[[@B55-nanomaterials-07-00094]\] utilized NIR irradiation with a wavelength of 808 nm (based on a previous study \[[@B57-nanomaterials-07-00094]\]) to induce apoptosis in the target cells. A therapy using a combination of phototherapy and siRNA delivery could offer an alternative treatment to eliminate tumors.

Polyethylenimine is a very popular transfection agent (see [Section 6](#sec6-nanomaterials-07-00094){ref-type="sec"}) that despite its severe toxicity \[[@B58-nanomaterials-07-00094]\] is often utilized for various functionalization techniques \[[@B59-nanomaterials-07-00094]\]. Behnam et al. \[[@B60-nanomaterials-07-00094]\] demonstrated that non-covalent attachment of PEI to SWNTs could enhance the transfection efficiency compared to the use of PEI by itself. There was a direct correlation between the molecular weight of PEI used, and transfection efficiency, while the correlation was inverse between molecular weight and cytotoxicity. Chemically modified PEI was shown to have reduced toxicity. Kong et al. \[[@B61-nanomaterials-07-00094]\] demonstrated that PEI-cholesterol (Chol) could be non-covalently bound to SWNTs, enhance gene delivery, while reducing the toxicity relative to unmodified PEI. This novel PEI-Chol-SWNT (PCS) system also had photothermal properties, which were exploited to promote release of DNA upon exposure to NIR. This photothermal irradiation shows increased transfection with pEGFP (plasmid DNA encoding enhanced green fluorescent protein) and apoptosis in human cervix adenocarcinoma cells (HeLa) cells, while promoting anti-tumor activity in MCF-7 cells versus using the PCS complex with NIR irradiation \[[@B61-nanomaterials-07-00094]\]. Succinated PEI (PEI-SA) was utilized by Siu et al. \[[@B62-nanomaterials-07-00094]\] to non-covalently functionalize SWNTs to topically deliver siRNA to treat melanoma. The group demonstrated that PEI-SA/CNT/siRNA could retard tumor growth in C57bl/6 mice, as well as silence the *Braf* gene, which is a proto-oncogene encoding the protein B-Raf, in B16-F10 melanoma cells.

MWNTs are generally considered less attractive than SWNTs because of their larger diameter. However, the large diameter is beneficial for the delivery of larger payloads of DNA. Additionally, the toxicity is not based solely on the size of the nanotube, but is also determined by the method of functionalization \[[@B47-nanomaterials-07-00094]\]. Liu et al. \[[@B63-nanomaterials-07-00094]\] covalently functionalized MWNTs with chitosan-folic acid nanoparticles (CS-FA NPs) to deliver plasmid DNA. The group demonstrated that shorter MWNTs have a higher transfection efficiency, but as a consequence, also have a higher cytotoxicity. Yet, when functionalized with CS-FA NPs, the transfection efficiency was increased, while the cytotoxicity decreased \[[@B63-nanomaterials-07-00094]\]. Geyik et al. \[[@B64-nanomaterials-07-00094]\] delivered a linearized plasmid via covalently functionalized carboxylated MWNTs (fCNT) ([Figure 3](#nanomaterials-07-00094-f003){ref-type="fig"}a,b). Amino groups were introduced into the plasmid DNA, resulting in amino-modified plasmid DNA (mpDNA). The activated fCNTs were complexed with mpDNA to form an active bioconjugate that could be used to transform *E. coli* with greater transformation efficiency, and offer a potential alternative to electroporation or heat shock-induced transformation \[[@B64-nanomaterials-07-00094]\]. Jain et al. \[[@B65-nanomaterials-07-00094]\] designed a different bioconjugate to deliver a plasmid to MCF-7 or HeLa cells. This bioconjugate consisted of estradiol-functionalized MWNTs, polyethylene glycol (PEG) as a spacer and then stabilized with poly-[l]{.smallcaps}-lysine. Estradiol acted as the targeting ligand, and the transfection efficiency was proportional to the number of estrogen receptors expressed on the target cell. MCF-7 cells have a higher expression of estrogen receptors, leading to higher transfection efficiency than HeLa cells \[[@B65-nanomaterials-07-00094]\]. This demonstrated how the functionalization of the CNTs can determine both transfection efficiency and targeting of the bioconjugate.

4. Proteins and Peptide Nanomaterials for Gene Delivery {#sec4-nanomaterials-07-00094}
=======================================================

Proteins are attractive as gene delivery vectors, because of their biocompatibility, biodegradability and, typically, minimal toxicity \[[@B66-nanomaterials-07-00094]\]. Their amphiphilic nature allows them to interact with both the solvent and the specific cargo (DNA, RNA or therapeutic agent) of choice. While there are many different proteins utilized for gene delivery, gelatin is one of the most commonly used proteins \[[@B67-nanomaterials-07-00094]\]. Gelatin is produced by the hydrolysis of collagen, and is composed of peptides of varying length. Depending on whether the gelatin was isolated from tissue with acid or base, it is referred to as type A or type B. The main difference between the two types is the iso-electric point \[[@B68-nanomaterials-07-00094]\]. Various attributes of gelatin that make it attractive are the ease of modification and low cost of production. Lee et al. \[[@B69-nanomaterials-07-00094]\] demonstrated the ease of gelatin modification by designing a thiolated gelatin (tGel) nanoparticle that could be chemically cross-linked to a polymerized siRNA (poly-siRNA). The siRNA was polymerized with thiol groups on the 5′-end of the sense and anti-sense strands, to allow interactions between the tGel and siRNA, which resulted in a poly-siRNA-thiolated gelatin (psi-tGel) \[[@B69-nanomaterials-07-00094]\]. The researchers effectively utilized the psi(RFP)-tGel NPs to induce gene silencing in RFP/B16F10 melanoma cells, which was demonstrated by an 80% reduction in *RFP* mRNA expression relative to the control \[[@B69-nanomaterials-07-00094]\]. Moran et al. \[[@B70-nanomaterials-07-00094]\] utilized gelatin B and protamine sulfate to deliver DNA. The use of gelatin B was an innovative choice, because it has an isoelectric point (pI) of 4.8--5.2, which makes it negatively charged at physiological pH and allows interactions with oppositely charged molecules \[[@B71-nanomaterials-07-00094]\]. However, when gelatin B encounters an endosome, gelatin B becomes positively charged, releasing the therapeutic agent associated with it into the cell. Protamine sulfate (PS) is a highly positively charged molecule that can bind DNA, offering a mechanism to trap the DNA inside the gelatin B--PS complex for efficient gene delivery. Moran et al. \[[@B70-nanomaterials-07-00094]\] demonstrated that DNA release is dependent upon the initial DNA concentration and the gel strength of the gelatin. The maximum amount of DNA released was reported to be between 12 and 17 μg·mL^−1^ depending on the exact gelatin configuration.

Albumin, although not considered a gene delivery vector per se, is often utilized to assist other molecules in the delivery of their gene cargo and is usually obtained from either bovine serum albumin (BSA) or human serum albumin (HSA) \[[@B66-nanomaterials-07-00094]\]. Albumin is a major blood plasma protein that is easily modified because of the many reactive groups on the protein surface. Additionally, it is an attractive cellular carrier for cancer treatment, because albumin accumulates in tumors \[[@B72-nanomaterials-07-00094],[@B73-nanomaterials-07-00094]\]. Karimi et al. \[[@B74-nanomaterials-07-00094]\] demonstrated the use of a core-shell structure for potential co-delivery of genetic material and/or drugs. The core was composed of albumin (Alb) and the shell was composed of chitosan (CS), which can interact with DNA, creating a novel Alb-CS-DNA complex. This complex was used to deliver a plasmid encoding short hairpin RNA (shRNA) against GL3 luciferase, into HeLa cells. Cellular uptake was monitored by flow cytometry originating from FITC-labeled Alb-CS-DNA NP. Karimi et al. \[[@B74-nanomaterials-07-00094]\] concluded that 85% of the HeLa cells contained the Alb-CS-DNA NP, and that there was minimal toxicity. Additionally, they demonstrated that Alb imparts biocompatibility to the Alb-CS-DNA NP when viability levels were compared to NPs consisting of either just Alb or CS \[[@B74-nanomaterials-07-00094]\]. Han et al. \[[@B75-nanomaterials-07-00094]\] modified the surface of BSA with ethylenediamine to create a cationic BSA (CBSA). Simply mixing CBSA with siRNA resulted in a CBSA/siRNA-NP via electrostatic interactions. The CBSA not only protected the siRNA from RNA degradation, but was also able to efficiently deliver the siRNA into B16 lung metastatic cells \[[@B75-nanomaterials-07-00094]\].

Silk is a natural protein that is spun into fibers by various arthropods, mostly during the metamorphosis stage of their development. Silk protein can vary widely in composition, yet the best studied silk comes from the silkworm *Bombyx mori* and the spiders *Nephilia clavipes* and *Araneus diadematus*. The highly repetitive nature of amino acids in silk proteins causes silk to exhibit mechanical properties that can be exploited in tissue engineering \[[@B76-nanomaterials-07-00094]\]. Recent advancements in materials science have shown that ultra-thin silk fibroin (SF) can potentially be used as a drug/gene delivery system \[[@B77-nanomaterials-07-00094]\]. Li et al. \[[@B78-nanomaterials-07-00094]\] used layer-by-layer assembly onto a polystyrene template ([Figure 4](#nanomaterials-07-00094-f004){ref-type="fig"}) to design an SF vector to deliver pDNA to transfect NIH/3T3 fibroblasts. Also, Zeta-potential measurements determined the optimal number of SF coatings necessary to maximize the pDNA adsorption onto the particles. The group demonstrated that plasmid DNA loaded onto SF microcapsules could efficiently transfect NIH/3T3 fibroblasts (both 1-μm and 4-μm microcapsules) and that the DNA loading method (either pre- or post-SF deposition) influenced the transfection efficiency \[[@B78-nanomaterials-07-00094]\].

Zein is a storage protein present in the seeds of maize (*Zea mays* L.). It is a member of a class of plant storage proteins called prolamines, which contain a high percentage of the amino acid proline. One of the defining characteristics of zein is its insolubility in water due to the high concentration of amino acids with hydrophobic side chains \[[@B79-nanomaterials-07-00094]\]. This hydrophobic nature has been utilized for the sustained delivery of DNA \[[@B80-nanomaterials-07-00094]\]. Zein is considered a "generally-regarded-as-safe" (GRAS) polymer, and has been approved by the FDA for human use. Karthikeyan et al. \[[@B81-nanomaterials-07-00094]\], extending the work of Regier et al. \[[@B80-nanomaterials-07-00094]\], fabricated zein nanofibers to determine whether they could be used for the sustained delivery of siRNA into skin fibroblast cells for gene silencing. The group reported that the zein-nanofiber was able to controllably release siRNA for 72 h. Additionally, only a total of 34% (w/w) of initially entrapped siRNA was detected in the solution after 72 h. The fact that there was still a substantial amount of siRNA entrapped in the zein nanofibers suggested the potential for gene silencing for periods beyond 72 h \[[@B81-nanomaterials-07-00094]\].

Elastin is a protein in connective tissue that provides elasticity. Both α-elastin and elastin-like polypeptides (ELPs) have been utilized in drug/gene delivery applications. ELPs are artificial peptides with the protein sequence (Val-Pro-Gly-X-Gly)*~n~* (with X capable of being any amino acid, and *n* = the number of repeat units) \[[@B66-nanomaterials-07-00094]\]. These ELPs show thermal phase transitions, either above or below their transition temperature (T~t~). ELPs are soluble below their T~t~, while they form a viscous fluid called coacervate above the T~t~ \[[@B82-nanomaterials-07-00094]\]. The fourth amino acid choice in the repeat unit (X) allows the ELPs to have a tunable T~t~ \[[@B82-nanomaterials-07-00094]\]. Dash et al. \[[@B83-nanomaterials-07-00094]\] designed a dual ELP-based delivery system to deliver two different gene payloads. This ELP-injectable system was composed of an ELP gel scaffold and ELP hollow spheres that had been used for gene delivery previously \[[@B84-nanomaterials-07-00094]\]. This dual system allowed them to deliver two different plasmids, one encoding endothethial nitric oxide synthase (eNOS) in the ELP hollow spheres, and a second one encoding interleukin-10 (IL-10) in the ELP gel scaffold, to human umbilical vein endothelial cells (HUVEC) cells, to modulate angiogenesis and inflammation to treat critical limb ischemia \[[@B83-nanomaterials-07-00094]\]. The DNA release rate corresponded to the degradation rate of the polymer, with the scaffold degrading first. Overall, this study \[[@B83-nanomaterials-07-00094]\] demonstrated controlled release, with this particular treatment leading to a reduction in inflammation and an increase in blood vessel density.

Poly(aspartic acid) (PAsp) nanoparticles have recently emerged as a potential short peptide delivery system \[[@B85-nanomaterials-07-00094]\]. Dou et al. \[[@B86-nanomaterials-07-00094]\] designed both linear and star-shaped PAsp vectors, functionalized with poly-(2-(dimethylamino) ethyl methacrylate) (PDMAEMA). PDMAEMA by itself enables high transfection efficiency, but is highly toxic to cells \[[@B87-nanomaterials-07-00094]\]. PAsp-PDMAEMA polymer was used to deliver plasmid DNA encoding Renilla luciferase (pRLCMV) into HepG2 and COS7 cells, which demonstrated high transfection efficiency, particularly among the star shaped PAsp vectors, with reduced toxicity \[[@B82-nanomaterials-07-00094]\]. Unzueta et al. \[[@B88-nanomaterials-07-00094]\] utilized poly-arginines (R9), poly-histidines (H6), and GFP (used as a scaffold) \[R9-GFP-H6\] as a DNA delivery vector. In the presence of DNA and at a slightly acidic pH, the hexa-histidine tails undergo rearrangement and assemble in a mechanism similar to that observed for virus coat proteins \[[@B88-nanomaterials-07-00094]\]. This rearrangement yielded both nanosphere and nanotube structures. R9-GFP-H6-DNA was demonstrated to be able to transfect HeLa cells and protect the DNA from degradation by deoxyribonuclease I (DNase I) \[[@B88-nanomaterials-07-00094]\].

5. Lipid-based Nanomaterials for Gene Delivery {#sec5-nanomaterials-07-00094}
==============================================

Lipids are a class of biological molecules defined by their hydrophobic and/or amphiphilic nature. This includes fats, waxes, oils, cholesterols, phospholipids, glycerides, and the fat-soluble vitamins A, D, E, and K. The amphiphilic nature of lipids and their ability to form vesicles and membranes make lipid-based delivery systems attractive. Felgner et al. \[[@B89-nanomaterials-07-00094]\] were the first to demonstrate lipid-based gene delivery, by utilizing a liposome containing the cationic lipid (±)-*N*,*N*,*N*-trimethyl-2,3-*bis*(*z*-octadec-9-enyloxy)-1-propanaminium chloride (DOTMA) to deliver plasmid DNA into eukaryotic cell lines. While anionic, cationic, or neutral lipids can be employed to deliver DNA into cells, cationic lipids are preferred because of their ability to adsorb efficiently onto the anionic cellular membrane \[[@B90-nanomaterials-07-00094]\]. Thus, cationic lipids/DNA (lipoplexes) offer greater transfection efficiency \[[@B91-nanomaterials-07-00094]\]. When designing the lipoplexes, there is usually some combination of a cationic lipid and neutral lipid (or helper lipid). These neutral lipids are helpful in the formation of a lipid bilayer. Some of the common helper lipids are cholesterol and dioleoylphosphatidyl ethanolamine (DOPE) \[[@B91-nanomaterials-07-00094]\]. Khatri et al. \[[@B92-nanomaterials-07-00094]\] designed a liposome composed of dipalmitoylphosphatidyl choline (DPPC), DOPE, cholesterol and a PEGylated lipid (DSPE-mPEG) to deliver siRNA (CPE liposome) complexed with calcium phosphate. The calcium cations were able to complex with siRNA. Additionally, the liposome was able to protect the siRNA from degradation. The liposome was further modified with cyclic arginine-glycine-aspartic acid (cRGD) ([Figure 5](#nanomaterials-07-00094-f005){ref-type="fig"}) to target the liposome complex to A549 lung cancer cells \[[@B93-nanomaterials-07-00094]\]. The cRGD-CPE liposomes were more effective at inhibiting *RRM1* (76% reduction in *RRM1* expression), than the CPE-liposomes (70% reduction) and naked siRNA (16% reduction) \[[@B92-nanomaterials-07-00094]\]. Kullberg et al. \[[@B94-nanomaterials-07-00094]\] designed a two-component delivery system utilizing neutral liposomes to deliver plasmid DNA encoding a luciferase reporter. The plasmid DNA was first condensed with PEGylated cationic poly-lysine to form PL/DNA. Next, the liposome was conjugated with Listeriolysin O (LLO), a pore-forming protein, to target the liposome to human epidermal growth factor receptor---2 (Her-2) in breast cancer cells \[[@B94-nanomaterials-07-00094]\]. Isogenic cell lines MCF-7 and MCF-7/Her18 cells were selected, with MCF-7/Her18 overexpressing the Her-2 cell surface receptor \[[@B95-nanomaterials-07-00094]\]. The group demonstrated that PL/DNA co-localizes with LLO/Liposomes 68% of the time in the MCF-7/Her18 cells, while only 0.7% of the time in the MCF-7 cells, indicating the ability of LLO to act as a targeting ligand for the Her-2 receptor. Finally, the group observed a 268-fold greater luciferase expression in the MCF-7/Her18 cells versus MCF-7 cells, demonstrating efficiency and specificity of the two-component system \[[@B94-nanomaterials-07-00094]\].

Small lipid like molecules known as lipidoids have recently been investigated for their use as RNA interference gene delivery vectors \[[@B96-nanomaterials-07-00094]\]. In contrast to cationic lipids, lipidoids have characteristic cationic behavior due to their amine backbone \[[@B97-nanomaterials-07-00094]\]. Lipidoids are synthesized using a Michael addition reaction, which adds an amine to either an acrylate or acrylamide group \[[@B97-nanomaterials-07-00094]\]. Additionally, lipidoids can have between one and seven tails, depending on the amine used in the addition reaction, which contrasts with natural lipids having only two tails \[[@B96-nanomaterials-07-00094],[@B97-nanomaterials-07-00094]\]. Knapp et al. \[[@B98-nanomaterials-07-00094]\] demonstrated that lipidoid nanoparticles \[LNPs\] could be utilized to deliver siRNA to mantle cell lymphoma cells. Lipidoid 306O~13~ was selected based on a study by Whitehead et al. \[[@B96-nanomaterials-07-00094]\], demonstrating its efficacy in many different cell types. This LNP was used to deliver siRNA against the anti-apoptotic protein Mcl-1. The *Mcl-1* mRNA expression levels were reduced by 80% by day 3, and maintained at least 60% gene silencing for over a week \[[@B98-nanomaterials-07-00094]\]. It was also demonstrated that when *Mcl-1* was effectively silenced, there was an increase in the number of cells undergoing apoptosis. During the first two days, 5--15% of the cells underwent apoptosis, which increased to 30% by day 3. The cells treated with the control LNP (siRNA absent) did not show a decrease in *Mcl-1* expression, nor an increase in apoptosis rates \[[@B98-nanomaterials-07-00094]\]. In another study, Moon et al. \[[@B99-nanomaterials-07-00094]\] demonstrated that LNPs can be used to deliver siRNA into hepatocytes to inhibit Hepatitis C (HCV) viral replication. Lipidoid 98N~12~-5 was utilized as the siRNA delivery vector based on previous research illustrating its efficiency in RNA interference \[[@B100-nanomaterials-07-00094]\]. An siRNA against protein kinase C-related kinase (PRK2) was selected to determine if there was a reduction in RNA-dependent RNA polymerase activity needed for HCV replication \[[@B99-nanomaterials-07-00094]\]. After the group tested 11 different siRNA molecules against different regions of the *PRK2* mRNA, the maximum reduction in HCV RNA levels achieved was 56% \[[@B99-nanomaterials-07-00094]\]. They demonstrated that the LNP-siPRK2-1 was able to reduce PRK2 levels in mice hepatocytes by 30% over control mice hepatocytes injected with naked siRNA. Additionally, it was demonstrated that LNP-siPRK2-1 was able to reduce PRK2 levels by 75% in cultured human liver (Huh7) cells \[[@B99-nanomaterials-07-00094]\].

Another class of lipid molecules used for gene delivery is the gemini surfactants. Gemini surfactants have a basic structure consisting of at least two hydrophobic tails and two polar head groups linked by a spacer molecule \[[@B101-nanomaterials-07-00094]\]. With so many variations existing for the three components of gemini surfactants, a wide range of compounds can be synthesized. This has led to four major classes of gemini surfactants: (1) m-s-m (*N*,*N*-bis(dimethyl alkyl)-α,ω-alkanediammonium), (2) carbohydrate-based, (3) peptide-substituted, and (4) disulfide-containing gemini surfactants \[[@B102-nanomaterials-07-00094]\]. Gemini surfactants have become an attractive gene delivery system because of their low synthesis cost and ability to bind DNA. Alqawlaq et al. \[[@B103-nanomaterials-07-00094]\] designed a gemini surfactant phospholipid nanoparticle (GL-NP) complexed with plasmid DNA to target rat retina ganglion (RGC-5) cells to treat glaucoma. The addition of a helper lipid enhanced the gene delivery vector, creating PGLNPs \[[@B103-nanomaterials-07-00094]\]. The effects of topical application were investigated, as well as intravitreal injection (i.e*.*, into the eye) to determine the localization of the PGLNPs by using Cy5-labeled plasmid DNA. The group demonstrated that following intravitreal injection the PGLNPs were localized within the nerve fiber layer (NFL), ganglion cell layer (GCL), and inner plexiform layer (IPL) of the retina \[[@B103-nanomaterials-07-00094]\]. Yet, with topical application the PGLNPs were localized near the iris, limbus, and conjunctiva of the eye \[[@B103-nanomaterials-07-00094]\]. The differences in localization based on application method could be utilized to target different glaucoma-related tissues.

6. Polymer-Based Nanomaterials for Gene Delivery {#sec6-nanomaterials-07-00094}
================================================

Both natural and synthetic polymers display variation in structure (e.g., linear or branched), and molecular weight, that together with the chemical properties of the repeat unit(s), affect their physico-chemical properties. Due to the great diversity in polymers, polymer-based nanomaterials have drawn interest as potential delivery vectors. Electrostatic interactions between DNA and polymer allow nanocomplexes to be formed with DNA, protecting the DNA from degradation. There are, however, two major hurdles that must be overcome for polymer-based nanomaterials to be used as efficient gene delivery systems. First, when these polymer nanomaterials are internalized into the cell (e.g., via the endocytic pathway), there must be a mechanism for the nanomaterial to escape the endosome before it is degraded via fusion with a lysosome. Secondly, the fate of the nanomaterials under physiological conditions must be determined, especially if there are undesired interactions with proteins or other serum components that can result in aggregation.

The proton sponge mechanism has been hypothesized to explain how polymer nanomaterials escape the endosome \[[@B104-nanomaterials-07-00094]\]. For example, the aforementioned polyethyleneimine (PEI) has a high pH buffering capacity, which allows it to take up protons that are pumped into the endosome. This results in passive diffusion of chloride ions, which causes water influx. This increased osmotic swelling causes the endosome to rupture, causing the release of the polymer nanomaterial \[[@B104-nanomaterials-07-00094]\].

Incorporation of biodegradable segments into a polymer structure not only increases the biodegradability of the polymer, but also facilitates the unpacking of genes in the core of a nanocomplex, increasing transfection efficiency. Derivatization with polyethyleneglycol (PEG; PEGylation) can be used to shield a nanocomplex from interactions in the extracellular environment, preventing aggregation and clearance by the reticuloendothelial system (RES) \[[@B105-nanomaterials-07-00094],[@B106-nanomaterials-07-00094]\].

6.1. Polyethyleneglycol (PEG) {#sec6dot1-nanomaterials-07-00094}
-----------------------------

Chen et al. \[[@B107-nanomaterials-07-00094]\] synthesized cationic polylactides (CPLAs), a natural degradable biomaterial, to serve as a delivery vector for siRNA into prostate cancer cells. While CPLAs resulted in higher transfection efficiency compared to a commercial transfection agent, FuGENE 6, CPLAs had reduced transfection efficiencies in the presence of serum. Albumin, present in high concentration in serum, associated with CPLAs, promoting aggregation and subsequent clearance via the RES system \[[@B105-nanomaterials-07-00094]\]. Chen et al. \[[@B108-nanomaterials-07-00094]\] synthesized a PEG block CPLA copolymer (PEG-*b*-CPLAs), to assess both transfection efficiency of the system and the stability of the system in the presence of serum. This group compared two copolymers, PEG-*b*-CPLAs-20 and PEG-*b*-CPLAs-50 (the number indicates amine molarity percentage) in terms of transfection efficiency and degradation rate \[[@B108-nanomaterials-07-00094]\]. The degradation rate was higher when the amine concentration in the copolymer was greater. Furthermore, PEG-*b*-CPLAs-50 interacted strongly with pDNA, with a polymer/DNA ratio of 256:1, whereas the 512:1 ratio of PEG-*b*-CPLAs-20:pDNA indicated a less strong interaction. Compared to FuGENE 6, PEG-*b*-CPLAs-50 performed similarly at low polymer/DNA mass ratios, but performed much better at a higher polymer/DNA mass ratio. The stability of PEG-*b*-CPLAs-50 in the presence of different concentrations of fetal bovine albumin (FBS) was also established. FuGENE 6 and CPLA-50 both had significant reductions in transfection efficiency with increasing FBS concentrations, whereas PEG-*b*-CPLAs-50 only displayed a minimal decrease. These observations further support the ability of PEG to shield CPLAs from the extracellular environment, preventing protein aggregation and subsequent clearance via RES \[[@B108-nanomaterials-07-00094]\].

6.2. Polyethyleneimine (PEI) {#sec6dot2-nanomaterials-07-00094}
----------------------------

Polyethyleneimine is utilized as a gene delivery vector because of its ability to condense DNA into polyplexes, but also because of effectiveness at escaping endosomes via the proton sponge hypothesis, mentioned above. Unmodified PEI is, however, cytotoxic and has a low transfection rate due to its high positive charge \[[@B58-nanomaterials-07-00094],[@B109-nanomaterials-07-00094]\]. To reduce the cytotoxicity of PEI, He et al. \[[@B110-nanomaterials-07-00094]\] coated PEI/DNA complexes with a disulfide-modified hyaluronic acid (HA-SS-COOH) to assess transfection efficiency. Hyaluronic acid (HA) also has targeted uptake via HA receptor-mediated endocytosis \[[@B111-nanomaterials-07-00094]\]. He et al. \[[@B110-nanomaterials-07-00094]\] demonstrated greater degree of shielding and higher transfection efficiency of their DNA-PEI-HA-SS-COOH (DPS) vector up to about 14-fold, over both DNA-PEI-HA (DPH) and DNA-PEI (DP) in the presence of different concentrations of fetal bovine serum. This group also demonstrated how the presence of the HA receptor influences transfection efficiency, with DPS having a higher transfection efficiency in HepG2 cells \[overexpressing the HA receptor\] than DP, whereas in NIH3T3 cells \[HA receptor deficient\] DP had a similar transfection efficiency as DPS \[[@B110-nanomaterials-07-00094]\]. The effect of HA receptors on transfection was further confirmed via a HA competition assay, in which HepG2, B16F10 \[HA receptor positive\] and NIH3T3 cells were pretreated with free HA. In NIH3T3 cells the DPS transfection efficiency was not affected, but DPS transfection efficiency decreased in both HepG2 and B16F10 cells. This demonstrated how the DPS vector has greater cellular uptake in the presence of HA receptors, and how the shielding ability resulted in lower cytotoxicity and transfection \[[@B110-nanomaterials-07-00094]\].

Chen et al. \[[@B112-nanomaterials-07-00094]\] developed a pH-responsive acetylated cyclodextrin (Ac-aCD) to deliver antisense oligonucleotides (ASONs) targeted to Bcl-xL (an anti-apoptotic protein) in human lung adenocarcinoma cells. Biomaterials for gene delivery that can undergo a pH-sensitive change are highly sought after because of their ability to release cargo into the endosome, preventing degradation following transport to lysosomes. From a therapeutic perspective, a pH-sensitive biomaterial is preferred, because of the low pH in many tumors, inflammatory/infectious sites and the endosome compartment, thus helping to guarantee cargo release at the specific target site \[[@B113-nanomaterials-07-00094]\]. Low-M~W~ PEI1800 was hybridized to the pH-responsive cyclodextrin (Ac-aCD) to help promote endosomal escape \[[@B112-nanomaterials-07-00094]\]. The pH-responsiveness of the Ac-aCD nanoparticle was evident from the heightened release rate of Cy3-labeled ASON at a pH of 5 vs. 7.4. The As-aCD nanoparticle was also able to effectively inhibit cell growth. Cell inhibition responded in a dose- and time-dependent manner, with a maximum growth inhibition of 41% at 200 pmoL/mL ASON/Bcl-xL at 24 h, increasing to 80% at 72 h \[[@B112-nanomaterials-07-00094]\]. Finally, the group demonstrated that their Ac-aCD vector had a higher transfection and lower cytotoxicity than Lipofectamine 2000 and poly(lactic-*co*-glycolic acid) (PLGA) based nanoparticles.

6.3. Natural Polymer-Based Nanomaterials {#sec6dot3-nanomaterials-07-00094}
----------------------------------------

Cyclodextrins (CD) are cyclic polymers made up of α-1-4-[d]{.smallcaps}-glucose or amylose derived from the enzymatic conversion of starch \[[@B114-nanomaterials-07-00094]\]. Being natural polymers, CD have low immunogenicity and have been shown to interact with nucleic acids, making them an attractive choice as a gene delivery vector \[[@B115-nanomaterials-07-00094]\]. Godinho et al. \[[@B116-nanomaterials-07-00094]\] demonstrated that PEGylated cyclodextrins with increasing molecular weight PEG can be used to reduce aggregation and elimination via the RES system. However, in the same study no significant difference in siRNA delivery was observed between PEGylated-CD.siRNA and CD.siRNA \[[@B116-nanomaterials-07-00094]\]. Evans et al. \[[@B117-nanomaterials-07-00094]\] designed a CD.siRNA-DSPE-PEG~5000~-folate nanoparticle to determine the gene silencing ability in prostate cancer cell lines. Prostate-specific membrane antigen (PSMA) is upregulated in prostate cancer, and its expression increases as the cancer metastasizes. Folate was used as the targeting ligand because PSMA has been shown to enhance uptake of folate-containing particles \[[@B118-nanomaterials-07-00094]\]. Incorporation of DSPE-PEG5000 was utilized to reduce the overall cationic charge of the particle to limit clearance by RES system. Three different formulations of cyclodextrin complexed with siRNA were used ([Figure 6](#nanomaterials-07-00094-f006){ref-type="fig"}): CCD (cationic amphiphilic cyclodextrin /siRNA), CD-M (Cyclodextrin/siRNA-DSPE-PEG~5000~-methyl) and CD-F (Cyclodextrin/siRNA-DSPE-PEG~5000~-folate), and their gene delivery and targeting uptake potentials were assessed in PSMA-positive and PSMA-negative cells \[[@B117-nanomaterials-07-00094]\]. The CD-F formulation resulted in increased targeted uptake and gene delivery potential in PSMA-positive cells (VCaP and LNCaP) compared to CD-M. Yet, when cells were pretreated with excess folate, CD-F resulted in reduced cellular uptake, while no significant change in uptake in untreated vs. folate-pretreated cells was observed for CD-M, indicating that the free folate competed with CD-F for targeted uptake \[[@B117-nanomaterials-07-00094]\]. Overall it was demonstrated how folate could be used both as a targeting ligand and as a method to increase cellular uptake.

Poly-[l]{.smallcaps}-lysine (PLL) is a peptide-based polymer, and was one of the first polymers utilized as a non-viral gene delivery vector. Its peptide structure allows ease of biodegradability and complexes with plasmid DNA to transfect cells. Compared to PEI, however, it has lower transfection efficiency resulting from endosomal capture \[[@B119-nanomaterials-07-00094]\]. Zeng et al. \[[@B120-nanomaterials-07-00094]\] designed two polyethyleneglycol (PEG)-based polymers to deliver siRNA and arsenic trioxide (ATO) to treat pancreatic cancer. PEG-PLL was designed to complex with siRNA and down-regulate mutant *Kras* gene expression in pancreatic cancer, while PEG-Poly-[dl]{.smallcaps}-lactide (PDLLA) was used to encapsulate and deliver ATO into pancreatic cells to induce apoptosis. BXPC-3 cell lines with the wild-type *Kras* allele, and PANC-1 cell lines with a mutant *Kras* allele were utilized to evaluate the ability to silence the mutant, but not the wild-type *Kras* allele \[[@B120-nanomaterials-07-00094]\]. The PEG-PLL/siKras system was able to effectively silence the mutant allele, verified at both the mRNA level (a 61% reduction in expression) and the protein level (57% reduction in expression) in PANC-1 cells \[[@B120-nanomaterials-07-00094]\]. The PEG-PLL/siKras system did not have any silencing effect in the BXPC-3 cells lines, demonstrating the ability to selectively target a specific allele. Administering just siKras or arsenic (As)-NPs only induced apoptosis in 13% and 36% of cells, respectively. However, when co-administered, a synergistic effect was observed with apoptosis occurring in 41% of cells. The overall cancer cell viability when PEG-PLL/siKras and PEG-PDLLA/As were co-administered decreased as the concentration of arsenic increased, resulting in a cell viability of 37% and 66% at 20 vs. 2.5 μmoL/L arsenic, respectively \[[@B120-nanomaterials-07-00094]\]. The results from this study clearly demonstrated the synergistic effect of combining siRNA therapeutics with an anticancer drug to treat cancer.

Lignin is a complex plant cell wall polymer formed via radical-mediated coupling of different hydroxycinnamyl alcohols and related compounds, referred to as monolignols \[[@B121-nanomaterials-07-00094]\]. Since lignin can be formed from different monolignols, there is considerable variation in lignin structure across plant species and among tissues and developmental stages within a given species. Caicedo et al. \[[@B122-nanomaterials-07-00094]\] developed a method to synthesize lignin-based nanotubes (LNTs) and nanowires using an alumina membrane as a sacrificial template. After showing the ability of DNA to adsorb onto LNTs, Ten et al. \[[@B123-nanomaterials-07-00094]\] demonstrated the potential of LNTs to be used as a gene delivery vector. The morphology and properties of the LNTs were dependent on the plant species from which the lignin originated as well as the lignin isolation procedure \[[@B123-nanomaterials-07-00094]\]. For example, LNTs synthesized with lignin that had been isolated from loblolly pine (*Pinus taeda* L) wood with thioglycolic acid localized to the cytosol of HeLa cells, whereas LNTs synthesized from pine wood lignin isolated using NaOH penetrated the nuclei of the HeLa cells. Western analysis showed that the pDNA encoding GFP that was carried by the LNTs was expressed. The combined results suggest that various properties of LNTs can be fine-tuned by selecting the source of the lignin and synthesis conditions \[[@B122-nanomaterials-07-00094],[@B123-nanomaterials-07-00094]\].

7. Future Prospects {#sec7-nanomaterials-07-00094}
===================

As is evident from this review, many new and innovative approaches to therapeutic gene delivery have emerged in recent years. Nanomaterials appear especially well suited as delivery vectors for small RNA molecules. Given that the vast majority of studies with nanomaterials have been conducted in cell culture systems, it is also clear that additional tests with whole organisms will be necessary before we can expect to see a trend away from the use of viral vectors. Viral vectors are still considered the primary choice for gene delivery, evident by their use in 67% of current clinical trials versus less than 1% of non-viral vectors \[[@B124-nanomaterials-07-00094]\]. For novel nanomaterials, techniques and gene delivery approaches continue to be developed, the key challenge will be to balance transfection efficiency, targeting specificity, particle size, biodegradability, and cytotoxicity, as well as their short- and long-term fates in the environment. This will typically require a mechanism to prevent the removal of vectors by the reticulo-endothelial system (RES). Many nanomaterials can avoid the RES system by shielding their charged groups with PEG, proteins or polysaccharides, as highlighted with a number of examples. Additionally, the smaller the nanoparticles are, the lower the probability of surface neutralization by serum proteins and subsequent RES clearance. Quantum dots are of special interest in this respect. The co-administration of two different nanomaterials to target and deliver gene payloads to create a synergistic effect \[[@B120-nanomaterials-07-00094]\] and the use of theranostic nanoparticles are especially interesting developments that show great promise.

Furthermore, the use of standardized assays that can be used to determine the efficacy and fate of a variety of gene delivery vectors would enable head-to-head comparisons. Following such additional research, and detailed characterization of their interaction with the patient host, it is likely that some nanomaterials will be approved for use in humans in the near future, thus expanding the therapeutic repertoire for gene therapy.
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![Overview of biological barriers for small interfering RNA (siRNA) therapy following intravenous (IV) injection. ECM = extracellular matrix; RISC = RNA-induced silencing complex; NPC = nuclear pore complex; TGS = transcriptional gene silencing. Reproduced with permission from \[[@B12-nanomaterials-07-00094]\]. Copyright Elsevier, 2008.](nanomaterials-07-00094-g001){#nanomaterials-07-00094-f001}

![Scanning electron (SE) micrographs (**a**--**d**) and transmission electron (TE) micrographs (**e**--**h**) of multiple quantum dot (QD) nanoparticles complexed with plasmid (p) DNA. The sizes of the QDs is indicated in the images. The numbers 525, 565, 605, 655 refer to the wavelength (in nm) at which the emission spectrum of the respective QDs peaks. Scale bars in the SEM images indicate 100 μm, and in the TEM images 100 nm. Reproduced with permission from \[[@B36-nanomaterials-07-00094]\]. Copyright Elsevier, 2014.](nanomaterials-07-00094-g002){#nanomaterials-07-00094-f002}

![(**a**) Transmission electron micrographs of unmodified carbon nanotubes (CNTs) and (**b**) functionalized CNTs with activated carboxyl moieties. Scale bar equals 0.2 μm in (a); 50 nm in (b). Figures reproduced with permission from \[[@B64-nanomaterials-07-00094]\]. Copyright John Wiley & Sons, 2013.](nanomaterials-07-00094-g003){#nanomaterials-07-00094-f003}

![Representative scanning electron micrographs showing surface morphology of 4-μm polystyrene (PS) particles, after four layers (4L) of silk fibroin (SF) coating, and the dried microcapsules after core removal. Scale bar: 1 μm. Figures reproduced with permission from \[[@B78-nanomaterials-07-00094]\]. Copyright Elsevier, 2014.](nanomaterials-07-00094-g004){#nanomaterials-07-00094-f004}

![Transmission electron micrographs of cyclic arginine-glycine-aspartic acid (cRGD)---CPE liposomes (2%). CPE refers to calcium phosphate encapsulated siRNA. Arrows point to siRNA-calcium phosphate nano-precipitates inside the liposomes. Scale bar: 100 nm. Figure reproduced with permission from \[[@B92-nanomaterials-07-00094]\]. Copyright Elsevier, 2014.](nanomaterials-07-00094-g005){#nanomaterials-07-00094-f005}

![Morphology of cyclodextrin.siRNA structures visualized by transmission electron microscopy. (**A**) Cationic cyclodextrin (CCD) nanoparticle, (**B**) CD-M nanoparticle (M = methyl), (**C**) CD-F nanoparticle (F = folate). See text for full compositional details. All main structures shown at 200,000× magnification, with the scale bar indicating 100 nm. Insets show enlarged images at greater resolution. Figures reproduced with permission from \[[@B117-nanomaterials-07-00094]\]. Copyright Elsevier, 2016.](nanomaterials-07-00094-g006){#nanomaterials-07-00094-f006}
